Introduction
Ornidazole, 1-(2-hydroxy-3-chloropropyl)-2-methyl-5-nitroimidazole, is a derivative of nitroimidazole. It is active against protozoa and anaerobic bacteria, and is used like metronidazole in the prevention and treatment of susceptible protozoal infections and anaerobic bacterial infections, 1 such as the treatment of bacterial vaginosis. 2 Ornidazole's longer half-life (12 -14 h) compared to that of metronidazole (6 -8 h ) is of particular advantage, for it favorably reduces the dosage frequency and duration of therapy in many relevant clinical infections.
The quantitative determination of ornidazole is important for pharmacokinetic studies and therapeutic drug monitoring. Reported methods include titration analysis, 3 electrochemical analysis, 4 and highperformance liquid chromatography (HPLC). 5, 6 Titration analysis is difficult at low concentrations, electrochemical analysis is usually interfered by electroactive substances, HPLC is sensitive, but uses a relatively expensive apparatus, and involves complex manipulations. An alternative, more robust analytical method would be desirable. According to our knowledge, no report of ornidazole determination using optochemical sensors has appeared in the literature. In this paper, an optochemical sensor used to determine ornidazole is proposed.
Optochemical sensors (optodes) have been extensively investigated in the past decades. Because of their advantages of easy fabrication, good selectivity and low cost, they are a promising way to solve analytical tasks, such as pharmaceutical analysis, environmental monitoring and process control. [7] [8] [9] [10] [11] [12] The immobilization techniques of organic indicator dyes play important roles in the development and design of optochemical sensors.
Several types of immobilization techniques have appeared, such as mechanical immobilization, electrostatic immobilization, and covalent immobilization. [13] [14] [15] [16] [17] [18] [19] The covalent immobilization of sensitive molecules has attracted research interest since it prevents the leaching of sensitive components from the organic membrane phase into sample solutions, and results in an enhanced lifetime of the sensors. Therefore, an optochemical sensor based on a covalent immobilization technique was designed in the present work. The fluorescence indicator 1-amino-4-allyloxyanthraquinone (AAA) with an olefin unit was systhesized from allyl bromide and 1-amino-4-hydroxyanthraquinone, and then covalently immobilized on surface-modified glass slides. The resulting optode membranes were applied as detection devices for ornidazole with high stability, rapid response, good selectivity, and a linear response range from 9.0 × 10 -6 mol L -1 to 1.0 × 10 -3 mol L -1 .
Experimental
Apparatus All fluorescence measurements were carried out on a Hitachi F-4500 spectrophotometer controlled by a personal computer data-processing unit with excitation and emission slits both set at 5 nm. The light source was a 150 W Xe lamp and the detector was an R928F red-sensitive photomultiplier tube. All fluorescence measurements were made at ambient temperature. A PHS-3C pH meter (Shanghai Analytical Instruments, Shanghai) was used for pH measurements.
1 H NMR spectra were recorded on an INOVA-400 (Varian) spectrometer with CDCl3 as the solvent. To improve the stability of optochemical sensors (optodes), the fluorescence indicator 1-amino-4-allyloxyanthraquinone (AAA), which was synthesized by reacting allyl bromide with 1-amino-4-hydroxyanthraquinone, was covalently immobilized on surface-modified glass slides. The resulting sensor was used to determine the content of ornidazole based on fluorescence quenching. It showed a linear response toward ornidazole in the concentration range of 9.0 × 10 -6 to 1.0 × 10 -3 mol L -1 with a detection limit of 8 × 10 -6 mol L -1 at pH 7.5. This AAA-immobilized sensor has a rapid response, high stability and good selectivity to ornidazole. from allyl alcohol, hydrobromic acid (40%) and concentrated sulfuric acid (96 -98%). N,N-Dimethyl formamide, potassium hydroxide, 2-hydroxypropyl methacrylate, benzoin ethyl ether, 1,2-cyclohexanediol diacrylate and triethanolamine were of analytical reagent grade, and obtained from Changsha Chemical Agent Co. An ornidazole standard sample (99.8%) and a real ornidazole particle sample were obtained from Hunan Jiudian Medical Co. Doubly distilled water was used throughout all experiments. Britton-Robinson (B-R) buffer solutions of different pH values were used in various experiments, which were prepared by mixing appropriate amounts of phosphoric acid, acetic acid, and boric acid and adjusting to the desired pH values with sodium hydroxide. 20 The compound 1-amino-4-hydroxyanthraquinone (0.96 g) and anhydrous potassium hydroxide (2.4 g) were mixed with 2.0 ml of bromopropylene and refluxed for 6 h at 70˚C in 100 ml of N,N-dimethyl formamide. After filtering the reactive mixture, a red transparent liquid was obtained and condensed to near dryness by rotary evaporation. The resulting residue was poured into 50 ml ice-water, filtered, and recrystallized with ethanol, a red solid of AAA (0.29 g) with a synthetic yield of 27% was obtained. The production was characterized by 1 H NMR (CDCl3, relative to TMS): 7.03 -8.36 ppm (6H, at anthraquinone ring), 5.78 -6.03 ppm (3H, CH2=CH-, at side chain of anthraquinone ring), 4.31 -4.33 ppm (2H, CH2O-), 3.32 ppm (2H, -NH2).
Synthesis of 1-amino-4-allyloxyanthraquinone (AAA)

Modification of a glass surface
A glass surface was modified by silanization according to following steps, as described in the literature: 21 glass slides (13 mm × 13 mm, thickness ∼0.12 mm) were successively immersed in 3% HF and 10% H2O2 for 30 min each and washed with water, then submerged for 2 h in a TSPM solution that had been prepared by mixing 0.2 ml of TSPM, 2 ml of a 0.2 mol l -1 HAc-NaAc buffer solution (pH 3.6) and 8 ml of doubly distilled water. Finally, the glass slides were washed with doubly distilled water and dried at room temperature.
Preparation of an optode membrane
A functional dye-immobilized optode membrane was prepared according to the following procedure: 19, 22 10 mg of AAA and 45 mg of benzoin ethyl ether were dissolved in a mixture of 0.2 ml of N,N-dimethyl formamide, 1.5 ml of 2-hydroxypropyl methacrylate, 0.10 ml of 1,2-cyclohexanediol diacrylate and 0.1 ml of triethanolamine, and then cast onto a dust-free poly(tetrafluoroethylene) plate.
Surface-modified glass slides were placed over droplets, and UV radiation (254 nm) was directed from 10 cm onto the membrane matrices for ∼3 h. After the UV irradiation period, the resulting membranes were completely washed with water and methanol to remove any unreacted reagents using a supersonic cleaner until no leaching of the dyes was observed, then dried and stored for use. The thickness of the films was about 40 µm.
Preparation of stock solutions, working solutions and a real sample solution of ornidazole
Stock solutions of ornidazole were prepared by dissolving an appropriate amount of the ornidazole standard sample in a small amount of ethanol, and then diluting to a predefined volume using doubly distilled water. Working solutions of ornidazole were prepared by diluting 1 ml of stock solutions to 10 ml using B-R buffer solutions. A real sample solution of ornidazole was prepared by directly dissolving 0.1318 g of a real ornidazole particle sample in 20 ml of ethanol without any pretreatment, and then diluting to 500 ml using B-R buffer solutions (pH = 7.5). The resulting solution was filtered. The original portion of the filtrate was discarded and the other was collected and used for an analytical determination.
Fluorescence measurements
An AAA-immobilized optode membrane was placed in a quartz glass vessel (1-cm length with an ∼4-ml capacity standard optical cell) with working solutions or real sample solutions of ornidazole. Excitation and emission wavelengths of 302 nm and 362 nm were used, respectively. Between two samples, doubly distilled water was used to wash the membrane until the original blank value was restored.
Results and Discussion
Measuring principle of an optode membrane
The measuring principle of an optode membrane was proposed according to references. [23] [24] [25] [26] [27] [28] While contacting with an AAA-immobilized optode membrane, ornidazole in an aqueous sample solution was extracted into the membrane phase and interacted with AAA.
Supposing that a complexation equilibrium between ornidazole (M) in the aqueous sample solution and AAA (L) in the organic membrane phase is established by the formation of a complex with a complexing ratio of m:n, the reaction equations can be represented as
Here, K1 is the distribution coefficient of ornidazole in two phases, and K2 is the apparent complex formation constant of MmLn. The overall process can be described by
where K denotes the overall equilibrium constant of the reaction, and is defined by
The relative fluorescence intensity (α) is defined as 
Combining Eqs. (4), (5) and (6), one obtains = .
Equation (7) is the theoretical basis of the ornidazole determination using this optode membrane.
Synthesis of AAA and its covalent immobilization on a glass slide surface
In order to prepare a stable optical sensor, it is required to form the covalent binding of a fluorescence indicator to the used solid matrix. Therefore, terminal double bonds should be introduced into the fluorescence compound and on the glass slide surface. Bromopropylene was taken as the reagent for introducing the olefin unit into 1-amino-4-hydroxyanthraquinone, because it has a moderate reacting power capable to replace the hydrogen of the hydroxy group by a propylene group while keeping the amino group untouched. TSPM was used to introduce olefin units onto the glass surface. After a chemical modification of the glass slide surface, AAA was copolymerized with 2-hydroxypropyl methacrylate and 1,2-cyclohexanediol diacrylate.
AAA-incorporated optode membranes tightly immobilized on the glass surface was obtained. The time of copolymerization should be kept not shorter than 3 h to avoid the sensing membrane formed from peeling off the glass surface.
Fluorescence spectra of the optode membrane
The fluorescence spectral characteristics of the AAAimmobilized optode membrane in a B-R buffer solution of pH 7.5 with various concentrations of ornidazole are presented in Fig. 1 . The emission fluorescence spectra were obtained by fixing the excitation wavelength at 302 nm. The fluorescence intensity of the optode membrane decreased as the concentration of ornidazole increased. This illustrates that the optode membrane can be used for the assay of ornidazole in sample solutions.
Effect of the pH
The fluorescence intensity of the AAA-immobilized optode membrane plotted versus pH shown in Fig. 2 was obtained in serial B-R buffer solutions of different pH values and containing 3.0 × 10 -4 mol L -1 of ornidazole (M). It can be seen that the fluorescence intensities of the optode membrane remained almost constant in the pH range 6.5 -8.5, but decreased at lower pH values and increased at higher pH values. This phenomenon might have been caused by the extraction of H + from the aqueous solution into the optode membrane at lower pH values, and the protonation of AAA occurred.
The optimum pH values for the determination of ornidazole were found to be 6.5 -8.5. In subsequent experiments, a B-R buffer solution of pH 7.5 was selected.
Response curve and detection limit of the optode membrane to ornidazole
The decrease in the fluorescence intensity of an AAAimmobilized optode membrane is related to the ornidazole concentration. From Eq. (7), it can be seen that when the stoichiometric ratio of the complex changes, the relative fluorescence value versus the concentration of ornidazole has a different functional relationship. The experimental data were fitted to Eq. (7) by changing the complexing ratio, m:n, and adjusting the overall equilibrium constant, K. The resulting curves are shown in Fig. 3 . Because the curve corresponding to a 1:1 complexing ratio and K = 2.1 × 10 3 is the best one fitted to the experimental data (Fig. 3c) , one would suppose that a complex with a complexing ratio of 1:1 between ornidazole and AAA would be formed, and that the quenching efficiency can be given by the Stern-Volmer equation based on the m:n = 1:1 complex,
The experimental results show that a linear relationship of the F0/F value versus the ornidazole concentration was obtained in the range of 9.0 × 10 -6 to 1.0 × 10 -3 mol L -1 , which has the following regression equation: This provides the quantitative basis for an ornidazole assay. The calibration curve of F0/F versus the concentration of the ornidazole is shown in Fig. 4 . The concentration of an unknown sample can be read from the calibration curve. By exposing the optode membrane to a blank buffer solution and sample solutions containing different amount of ornidazole, one can estimate the limit of detection as the concentration of ornidazole corresponding to a signal change that was 3-times the standard deviation of the blank buffer solution signal. It was found to be 8 × 10 -6 mol L -1 .
Response time and stability
The response time of the optode membrane depends on the thickness of the membrane and the concentration of ornidazole. The thickness of the AAA-immobilized optode membrane, fabricated as described above, is about 40 µm. When the concentration of ornidazole is no more than 1.0 × 10 -5 mol L -1 , the response time is about 50 s, and when it reaches 1.0 × 10 -3 mol L -1 , the response time extends to 2 min. If the optode membrane was immersed in deionized water for one week, the fluorescence intensity value remained almost unchanged. The leaching of AAA from the optode membrane was hindered by covalent immobilization, resulting in an enhanced sensor lifetime. The sensor has a working lifetime of at least 1 month.
Selectivity
If the optode membrane is used in therapeutic drug monitoring in urine samples or plasma samples, some species such as K + , Na + , Ca 2+ , Mg , and glucose may coexist. The interference of these species and some medicines on the determination of ornidazole was investigated. The experiments were carried out by recording the change in the fluorescence intensity before and after adding an interferent into 2 × 10 -4 mol L -1 of an ornidazole solution buffered by a B-R solution (pH = 7.5). The concentrations of the interferents were controlled over the range of 5 -50 times the ornidazole concentration. The results presented in Table 1 reveal that the changes in the fluorescence intensity resulting from the interferents described above were less than 4%, which are recognized to be tolerated.
Preliminary analytical application
To a synthetic sample comprising a B-R buffer solution (pH 7. (Table 2) .
A real ornidazole particle sample provided by Hunan Jiudian Medical Co. was determined by the proposed sensor and highperformance liquid chromatography (HPLC), respectively. The content of this sample determined by the proposed sensor was 85.2 ± 3.2 mg g -1 (n = 3), as compared to that obtained by HPLC (83.3 mg g -1 ) . The proposed sensor seems to be reasonably acceptable for practical use.
Conclusions
In the present work, a fluorescence indicator 1-amino-4-allyloxyanthraquinone (AAA) with copolymerization units was synthesized, and a kind of AAA-immobilized optochemical sensor was developed for dertermining the ornidazole content. It shows a linear response toward ornidazole in the concentration range of 9.0 × 10 -6 to 1.0 × 10 -3 mol L -1 with a detection limit of 8 × 10 -6 mol L -1 at pH 7.5. The proposed sensor has a rapid response, high stability and good selectivity, providing an alternative simple approach for the assay of ornidazole.
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